Abstract. We present TomoTable -a research The entire system is invisible to the user. Objects can be identified based on their electrical properties. Our work creates opportunities for in-the-wild studies using multi-device systems.
Introduction
Multi-device environments are now an established topic in HCI. Past research has shown that many users already use multiple devices simultaneously [13, 6] and multi-device systems have been shown to benefit tasks such as sensemaking [3] or exploring information visualisations [15] .
These proposed interaction techniques often use the concept of spatial awareness and spatially-aware interactions have been proven to be the preferred type in some scenarios [11] .
However, while a number of interaction techniques have been proposed, the method of sensing the relative position of the devices still remains a challenge. Past experiments often used stationary and costly sensing such as interactive tabletops [15] or motion tracking systems [4] .
Alternatively, Rädle et al. [10] developed a Kinect-based system for spatial awareness that required placing a sensor above the surface on which the devices were placed.
All of the past approaches have certain limitations such as the need for line-of-sight for camera-based systems, or the need for direct contact with the surface for interactive tables. As a consequence of these constraints, studies multi-
TomoTable
TomoTable is embedded in a small table (610mm × 450mm) and consists of 32 sensors with electrodes (L = 32) located in 4 rows and 8 columns (Fig. 1) . The electrode plane is covered by a transparent layer of plastic (3mm thickness). While the electrodes are visible in the current prototype to show its principle of operation, this transparent layer can easily be replaced with an opaque surface, this rendering the sensing infrastructure in TomoTable invisible to the user. The size of each electrode is 95mm x 60mm, the gap between the electrodes is 10mm.
The bottom part of each sensor (10mm below the electrode plane) was electrically protected with a screen to improve the signal-to-noise ratio (SNR) by preventing the electrical field distribution from propagating towards the bottom of the table. Such a solution improves the strength of the measurement signal in the space above the plane of electrodes. 6 shows an example of capacitance measurements obtained for a smartphone located between electrodes 1, 2 and 3. While it is apparent that an object is present on the sensed surface, its exact location is harder to determine. This is caused by the fact that the capacitance between adjacent electrodes (when the sensed surface is empty) increases with the distance between the electrodes. That is why a reference vector needs to be obtained before any object detection is performed.
Our next observation is that the introduction of mobile devices onto the sensed surface produced an easily sensed change in capacitance. The differences of capaci- The advanced research system we used can detect differences in the range of f F and thus a lower grade device would be sufficient. Consequently, ECT sensing for mobile devices does not require highly accurate capacitance sensors, which creates opportunities for low-cost deployments.
Positioning determination
Having the image reconstructed from ECT measurement, we have to determine the actual position of devices. First, the values are binarized to define borders of image. In order to obtain binary image was used Otsu's method [9] .
Then, we proceed with the algorithm designed to detect the orientation of device on the table. To obtain the orientation of the devices, the values of the center and the axis of the shapes are calculated. The shape of device 
Preliminary insights
The number of elements into which the sensor plane was discretized in order to conduct the image reconstruction is relatively low and resolution of the image is relatively low (e.g. compared to an interactive table). The image reconstruction procedure applied here was a simplified version of the LBP algorithm -a fairly naïve one that neglects the nonlinear character of the electrical field response to the objects present in the measurement space. However, despite the fact that our research prototypes uses basic ECT methods, the size and orientation of the devices can be easily obtained from the resulting reconstructed image.
There are observable differences in the produced images depending on how the devices are positioned in relation to the electrodes and other devices. This showcases the potential of electrical capacitance tomography to provide accurate sensing for multi-device systems.
An emerging issue is balancing the complexity of the sensing system and the required accuracy. While our research prototype offers a limited sensing resolution and other systems (e.g. marker-based motion tracking) offer grater fidelity, TomoTable is a low-cost portable alternative. While we now use a custom measurement setup, all the required computation and sensor data processing required for TomoTable can be easily integrated in a smallsized embedded system, much like in the case of OpenCapSense [2] . This, in turn, would enable TomoTable to become a useful tool for in-the-wild sensing and help answer some of the previously voiced challenges of integrating multi-device systems in everyday interactions (e.g. content sharing [5] or civic deliberation [1] ).
Future work
We plan to further explore the possibilities of increasing sensing resolution for TomoTable. It is worth noting the resulting resolution does not only depend on the size of the discretizing mesh but also on the number of consecutive measurements. Therefore, increasing the number of image pixels will require additional electrodes. We plan for a future version of TomoTable to feature twice the current number of electrodes.
The extraction of the spatial orientation of the objects is more demanding than obtaining their position, but we see the potential to apply both more sophisticated image reconstruction techniques (i.e. regularization) as well as more complex image processing methods (i.e. segmentation) in order to extract the exact orientation of the objects.
In this paper, we limited our inquiry to detecting mobile device, but ECT is also capable of detecting other objects, including non-metallic artifacts. Thus, we plan to However, additional work in signal and image processing is required to achieve acceptable detection accuracy.
Finally, we will continue working on making TomoTable more portable to build a prototype deployable in a casual setting (e.g. a café) to conduct in situ studies. We hope the research prototype of TomoTable will inspire further inquiries into flexible sensing methods for future interactive environments. 
